During the last two decades, antifungal therapy for serious disseminated infections has relied on the use of agents that either disrupt membrane function by binding preferentially to ergosterol or inhibit the biosynthesis of this fungal sterol. Amphotericin B, an ergosterol-binding polyene, is a potent, broadspectrum, fungicidal agent that must be used cautiously due to dose-limiting nephrotoxicity (17) . Newer lipid formulations of amphotericin B have reduced some of the side effects and increased the total dose that can be administered (22) . Members of the azole class of antifungal agents, which are inhibitors of lanosterol demethylase, a late step in ergosterol biosynthesis, have improved safety profiles, encouraging their widespread use (44, 47) . The expanded use of the azoles has led to the appearance of strains that have acquired resistance or that are intrinsically resistant to these agents (43) . Many of the strains are cross-resistant to all azoles, emphasizing the need for additional therapies with entirely different modes of action.
Members of a new class of antifungal agents, the (1,3)-␤-Dglucan synthase inhibitors, have recently shown promising activity in the clinic for the treatment of life-threatening infections due to Candida and will be evaluated for their activities for the treatment of aspergillosis (A. Arathoon, E. Gotuzzo, L. Noriega, J. Andrade, Y. S. Kim, C. A. Sable, and M. DeStefano, Abstr. 99th Annu. Meet. Infect. Dis. Soc. Am., 1998; C. A. Sable, A. Villanouva, E. Arathon, E. Gotuzzo, G. Tuscato, D. Uip, L. Noriega, C. Rivera, E. Rojas, V. Taylor, R. Berman, G. B. Calandra, and J. Chodakewitz, Abstr. 37th Intersci. Conf. Antimicrob. Agents Chemother., abstr. S-74, 1997). The members of the new group of antifungal agents are the lipopeptides MK-0991 (caspofungin acetate; Cancidas), LY303366, and FK463 and are generally known as the echinocandins and pneumocandins (9, 29, 57) . They have fungicidal activity and are effective against the growing list of azoleresistant Candida strains. The agents inhibit fungal cell wall synthesis, a target unique to lower eukaryotes, and thus have excellent therapeutic ratios. As a result of the development of these antifungal agents, inhibition of fungal cell wall glucan synthesis has been validated as an effective method for the treatment of fungal infections (9, 29, 57) .
Although the (1,3)-␤-D-glucan synthase inhibitors provide an alternative to the ergosterol-directed antimycotic agents, they are used only for parenteral administration (29, 57 ; Sable et al., 37th ICAAC). Despite considerable efforts to modify the lipopeptides chemically or to formulate them to improve oral bioavailability, the level of oral absorption of the echinocandins and pneumocandins is low. Approximately 0.3 to 1% of MK-0991 is orally absorbed in mice (1) , while in dogs 9% of the LY303366 dose is orally bioavailable (60; L. Zornes Until now, only two chemical classes of compounds, the lipopeptides and papulacandins, have been known to inhibit (1,3)-␤-D-glucan synthase. In the 1970s, the echinocandins were the first members of the lipopeptide group to be discovered, and the entire class is often referred to by this term (40, 55) . The compounds are cyclic hexapeptides N-linked to a fatty acyl side chain. Later, related fungal fermentation products such as aculeacin A (35) , pneumocandin B o (21), mulundocandin (36, 37, 46) , and FR901379 (23) were found. Intrinsically water-soluble and more potent derivatives of pneumocandin B o were prepared by the addition of amino modifications on the peptide core (4). The most potent derivative, the novel bisamine derivative of pneumocandin B o , L-733560, had exceptional potency and an expanded spectrum of activity. The compound was used in mode-of-action studies to show that the antifungal activity was due to inhibition of (1,3)-␤-D-glucan synthase, an essential enzyme in fungal cell wall assembly (12, 13) . The clinical candidate MK-0991 is an aza-substituted derivative of L-733560, has improved pharmacokinetic and safety properties, and has the same mode of action as L-733560 ( The second family of (1,3)-␤-D-glucan synthase inhibitors are the glycolipid papulacandins (56) . These compounds consist of a modified disaccharide linked to two fatty acyl chains. Despite medicinal chemistry efforts to improve the efficacies of these compounds, the papulacandins have not been developed as they have limited potency in animal models (59) .
Screening for novel inhibitors to identify new chemical entities that inhibit (1,3)-␤-D-glucan synthase but that offer improved pharmacokinetic properties compared to those of the lipopeptides and papulacandins has continued at many laboratories. This paper describes the discovery of a set of diverse acidic terpenoids, shown in Fig. 1 , which inhibit ␤-(1,3)-Dglucan synthase. Two of the compounds, ascosteroside (18, 30) , also known as L-767812 (8; J. R. Thompson, S. Dreikorn, J. Onishi, M. Meinz, C. Jue, J. Curotto, and M. Kurtz, Conf. Yeast Genet. Mol. Biol., 1996) and ergokonin A (26), were previously described as antifungal agents, but their modes of action were not identified. The other two compounds, arundifungin (32) and enfumafungin (F. Pelaez, submitted for publication), were recently described as novel natural-product antifungal agents. The discovery that these antifungal agents act by inhibiting (1,3)-␤-D-glucan synthase raises the possibility that orally active agents with this fungal-specific mode of action may be developed.
MATERIALS AND METHODS
Antifungal compounds and other materials. Ascosteroside, ergokonin A, arundifungin, enfumafungin, dihydropapulacandin, and L-733560 were purified or prepared at Merck & Co., Inc. (4, 8, 31, 32, 58; Bouffard et al., 36th ICAAC) . Amphotericin B and tunicamycin were from Sigma (St. Louis, Mo.), while nikkomycin Z was from Calbiochem (San Diego, Calif.). The lytic enzymes recombinant ␤-(1,3)-glucanase (L4276) and ␣-amylase(A2643) were obtained from Sigma (St. Louis, Mo.).
Culture conditions and in vitro antifungal activity. Antifungal activity was determined with fungal strains from the Merck Culture Collection (MY, MF, and MB; strains) and from the Clinical Culture Collection (CLY strains; Merck & Co., Inc.). The Saccharomyces cerevisiae strains with mutations in FKS1 and FKS2 were constructed at Merck and were isogenic with the wild-type strain, strain W303-1a (Mat a ade2-1 can1-100 his3-11,15 leu2-2,112 trp1-1 ura3-1) is MY2141 in this study. The strains used, with only relevant genotypes specified, were MY2140 (fks1-2), YLIP-267 (fks1-4), and YLIP-325 (fks1-4, fks2::TRP1). The in vitro antifungal susceptibilities of the pathogenic yeasts and molds were determined in a broth microtiter assay by National Committee for Clinical Laboratory Standards (NCCLS) protocols M27-A (38) and M38-P (39), respectively in RPMI medium, with the following modifications used to determine the MIC for Aspergillus. Spores from 3-to 5-day-old slants were suspended and diluted to yield 1 ϫ 10 3 to 5 ϫ 10 3 CFU/ml in the test wells. The MICs for yeast were determined on the basis of 100% inhibition of growth, while the MICs for molds were defined as the lowest concentration that significantly reduced growth compared to the growth of the control according to the NCCLS protocol (39) . The effects of the compounds against the S. cerevisiae strains were determined in a liquid medium composed of 1% yeast extract, 2% Bacto Peptone, 2% dextrose, and 100 g of adenine per ml (YPAD). The MICs of the compounds were VOL. 44, 2000 NOVEL ANTIFUNGAL (1,3)-␤-GLUCAN SYNTHASE INHIBITORS 369 determined in a liquid microdilution assay in which compounds were diluted from stocks in dimethyl sulfoxide (DMSO) into water and were serially diluted with water in 20-l aliquots. A total of 180 l of YPAD inoculated with exponential-phase cells adjusted to 5 ϫ 10 4 cells per ml was added to the inhibitorcontaining wells. After 24 h of incubation at 30°C, the microtiter dishes were examined for growth. The lowest concentration of compound that prevented visible growth was defined as the MIC. All mechanism-of-action studies with Candida albicans MY1055 were conducted with the yeast grown in an enriched synthetic medium, CM (Difco yeast nitrogen base supplemented with 1% Bacto Peptone, 0.5% yeast extract, 10 M adenine, and 0.1% glucose). The effect of adding osmotic support to the in vitro antifungal activity was determined by adding 0.8 M sorbitol to the CM medium (CMS). The activities of the compounds against exponential-phase C. albicans MY1055 cells was determined by diluting the cells in CM to 5 ϫ 10 4 cells per ml. The morphological effects of the compounds were determined after treating the yeast with inhibitors at the MICs for 4 h in CM or CMS, staining the cells with neutral red, and examining the cells microscopically as described by Kolotila et al. (25) . The quantitative growth-inhibitory effect on the morphology of Aspergillus, defined as a minimum effective concentration (MEC), was determined as described previously with Difco yeast nitrogen base medium (28) .
Whole-cell macromolecular synthesis. The effects of the acidic terpenoids on macromolecular synthesis were evaluated by treating the cells with increasing concentrations of inhibitors and pulse-labeling the cells with radioactive precursors of specific macromolecules. Exponential-phase C. albicans MY1055 cells in CMS at 10 6 CFU/ml were treated for 30 min at 30°C with increasing concentrations of inhibitors. The treated cells were pulse-labeled for an additional 30 14 C-labeled amino acid per ml. Radiolabeling was quenched by the addition of an equal volume of 10% trichloroacetic acid (TCA). Adenine-and amino acid-labeled acid-insoluble pellets were collected on glass-fiber mats, washed with water, and counted. Acetate-labeled pellets were washed with water and saponified overnight with 5% potassium hydroxide in methanol. The sterols were extracted with 2 volumes of petroleum ether, while the fatty acids were recovered in the petroleum ether extract after acidifying the alkaline methanol extract with 6 N HCl. The organic extracts were analyzed by thin-layer chromatography on silica gel thin-layer chromatography plates in hexane-diethyl etherglacial acetic acid (80:20:1; vol/vol). The labeled ergosterol and fatty acids were detected by autoradiography and were identified by comparison to standards. The [
14 C]glucose-and [ 3 H]glucosamine-labeled TCA-insoluble pellets were extracted as follows to N-acetylseparate the alkali-soluble glucan and the alkaliinsoluble wall components which contained the ␤-(1,3)-glucan and the ␤-(1,6)-glucan linked to chitin (24) . The TCA-insoluble pellet was washed with water and was suspended in 1 volume of ethanol-water-diethylether-pyridine (15:15:5:1; vol/vol), which was made basic with 50 l of concentrated ammonium hydroxide per 100 ml of solvent. After heating for 60 min at 60°C, the pellet was recovered by centrifugation and was washed with solvent. The solvent-extracted pellet was suspended in 1 volume of 6% potassium hydroxide, and the mixture was heated for 90 min at 80°C. The alkali-insoluble and alkali-soluble extracts were separated by centrifugation. Two volumes of a copper sulfate Fehlings solution was added to the alkaline soluble extract to precipitate the mannan (20) . The alkaline insoluble wall extract was washed with water and was resuspended in 50 mM Tris (pH 7.4) and treated with 10 U of recombinant ␤-(1,3)-glucanase per ml for 24 h at 30°C. The radioactivity in the water-insoluble material was recovered from non-enzyme-treated controls, and enzyme-treated samples were collected on glass-fiber mats and washed with water, and the radioactivity was counted.
␤-(1,3)-Glucan synthase. Glucan synthase activity was measured with microsome membranes prepared from exponential-phase C. albicans MY1055 or S. cerevisiae MY2141, MY2140, YLIP-267, or YLIP-325 grown in YPAD at 30°C and harvested at the exponential phase. Microsome membranes were recovered from cell extracts from cells broken with a mini-bead beater as described by Douglas et al. (13) . The standard glucan synthase assay, in which bovine serum albumin is present in the buffer, was described by Douglas et al. (13) , except that the assay volume was increased from 40 to 100 l. The conditions for the modified glucan synthase reaction in which bovine serum albumin was eliminated from the assay buffer and Brij 35 was substituted were as follows. The assay was performed in a final volume of 100 l containing 37.5 mM Tris (pH 7.5), 7.5% glycerol, 2 mM EDTA, 1.5 mM KF, 10 mM dithiothreitol, 20 M GTP, 0.6 mM UDP-[ 3 H]glucose (68,000 dpm/ nmol), 0.0008% Brij 35, 1 U of ␣-amylase, and 3.2 g of protein.
Test samples were diluted in DMSO such that the final DMSO concentration was 5%. The reaction mixtures were incubated for 2 h at 30°C and were quenched with an equal volume of 20% TCA. The acid-insoluble material was collected by filtration and was washed with water, and the radioactivity was counted. The ␤-(1,3)-glucan synthase 50% inhibitory concentration (IC 50 ) was defined as the concentration of the compound which inhibited the formation of the TCA-insoluble material by 50%.
RESULTS
Antifungal activity. The MICs of enfumafungin, ascosteroside, ergokonin A, and arundifungin were compared to those of MK-0991 and L-733560 and are shown in Table 1 . The overall antifungal spectra of the four terpenoid compounds were comparable to those of MK-0991 and L-733560, but the potencies of the four compounds varied from 0.5 to Ͼ64 g/ml. Like the lipopeptides, the four terpenoids preferentially inhibited various pathogenic Candida and Aspergillus strains. The most potent compound, enfumafungin, had MICs similar to those of the clinical candidate MK-0991 and L-733560 for multiple Candida strains. Ascosteroside, ergokonin A, and arundifungin were generally less potent than enfumafungin against Candida. One notable exception was the exquisite sen- sitivity of Candida glabrata to ascosteroside. A common feature of all glucan synthase inhibitors discovered to date is their very poor activity against Cryptococcus strains. Like L-733560 and MK-0991, at less than 32 g/ml the four acidic terpenoids did not inhibit the growth of Cryptococcus. In addition, at concentrations below 64 g/ml the natural products did not inhibit bacterial growth (Table 1) .
Since the known (1,3)-␤-D-glucan synthase inhibitors produce hallmark changes in the morphologies of filamentous fungi and yeast, we examined the effects of the four terpenoids on Aspergillus fumigatus hyphae and on yeast cells. The control compound, L-733560, completely prevented normal polarized growth, as described previously (28) . Similar stunted, highly branched hyphae were detected when A. fumigatus was treated with enfumafungin, ergokonin A, or arundifungin (A. Cabello, personal communication, 1999; Pelaez, submitted; F. Vicente, personal communication, 1999). The minimum concentration of a (1,3)-␤-D-glucan synthase inhibitor needed to inhibit normal hyphal growth is called the MEC. The results in Table 1 show the activities of the acidic terpenoids as inhibitors of polarized growth in Aspergillus. The MECs (39) ranged from 0.03 to 4 g/ml and correlated with the MIC determined by the NCCLS M38-P protocol for molds. Enfumafungin and ascosteroside were the most active in producing this effect. In addition to profoundly inhibiting hyphal growth of filamentous fungi, the MICs of L-733560, MK-0991, and the terpenoids altered the normal shape of yeast. Within 4 h of treatment with the compounds at their MICs, C. albicans formed aggregates of either rounded, swollen cells or irregularly shaped cells when they were treated in CM. The individual ovoid cells typically seen in growing yeast populations were absent (Fig. 2) . The effect of the acidic terpenoid on the shape and size of Candida cells was indistinguishable from those of MK-0991 and L-733560.
Another hallmark effect of the ␤-(1,3)-glucan synthase inhibitor L-733560 is that the anti-Candida activity is fungicidal and that the activity is largely, but not completely, reversed in medium containing osmotic support (28) . This is consistent with the role of glucan in maintaining the structural integrity of the cell wall and the preservation of cells by isotonic media. Micrographs of enfumafungin-treated cells are compared to micrographs of L-733560-and amphotericin B-treated cells in Fig. 2 . When stained with the vital dye neutral red, greater than 90% of the inhibitor-treated yeast population was stained, indicating that the terpenoids, like L-733560 and amphotericin B, act as fungicidal agents. When yeasts were treated with L-733560 or the acidic terpenoids in medium supplemented with sorbitol as an osmotic stabilizer, a higher proportion of the cells did not stain when the vital dye was applied. The cells accumulated as swollen, round cells (Fig. 2) . In contrast, the number of darkly stained cells following treatment with amphotericin B was not decreased in the sorbitol-supplemented medium. The results in Table 2 show that the MICs of the four acidic terpenoids, as well as those of L-733560, were increased at least 10-fold in sorbitol-containing medium. Ascosteroside did not completely inhibit the growth of yeast strain MY1055 but did reduce the growth yields by more than 50%. The minimum concentration required to reduce growth was 0.16 g/ml and was antagonized in sorbitol-containing medium. In contrast, the antifungal activities of amphotericin B and digitonin, two agents that interfere with membrane permeability properties, were not altered in medium containing sorbitol.
Preferential inhibition of glucan synthesis in Candida cells. The antifungal spectrum, the change in morphology, and the antagonism of antifungal activity by sorbitol suggested that terpenoids disrupted fungal cell wall glucan assembly. The effects of the compounds on cellular cell wall synthesis were determined in C. albicans. The activities of the compounds were compared to those of L-733560, tunicamycin, and nikkomycin Z, antifungal agents which inhibit ␤-(1,3)-glucan, mannan, and chitin synthesis, respectively (6, 28, 54) . The selective effects of these antifungal agents on cell wall synthesis is shown in the dose-response curves in Fig. 3 . The ␤-(1,3) -(1,3) -glucanase, indicating that 80% of the radioactivity was due to ␤-(1,3)-glucan, while the remaining 20% of the radioactivity was assumed to be due to ␤-(1,6)-glucan. In contrast, the radiolabeled alkali-insoluble cell wall extract recovered from cells treated with L-733560 or the acidic terpenoid at the MIC was completely resistant to recombinant ␤-(1,3)-glucanase (data not shown). The result indicated that the radiolabeled alkali-insoluble cell wall extract recovered from inhibitor-treated cells consisted entirely of either ␤-(1,6)-glucan or a form of ␤-(1,3)-glucan which was not sensitive to recombinant glucanase.
To determine whether the antifungal activities of the four acidic terpenoids correlated with the potencies of the compounds as inhibitors of cellular ␤-(1,3)-glucan assembly, the MICs of the compounds were compared to the effects of the compounds on cellular glucan, chitin, mannan, RNA, and protein synthesis. The MICs of the compounds were determined with the same cell density and medium used for macromolecular labeling, but without the sorbitol (Table 3) . Although ascosteroside did not completely inhibit the growth of C. albicans MY1055, at levels as low as 0.2 g/ml the growth yields were reduced by 50%. The concentrations of L-733560 and the acidic terpenoids that inhibited the incorporation of [
14 C]glucose into the alkali-insoluble cell wall extract by 50% were comparable to the MICs (Table 3) . At concentrations well above those required to inhibit growth, enfumafungin, ergokonin A, and L-733560 inhibited RNA synthesis, which indicated that the compounds had secondary effects at high concentrations. Since glucan and RNA synthesis were inhibited by 50% by 6.25-to 12.5-g/ml arundifungin, the antifungal activity of this terpenoid is not entirely due to inhibition of glucan synthesis. At the high levels needed to inhibit RNA synthesis, however, none of the compounds inhibited mannan, chitin, or protein synthesis. These labeling results are in contrast to those obtained with the surfactant digitonin, which inhibited the incorporation of all radiolabeled precursors. Thus, on the basis Effects of acidic terpenoids on ␤-(1,3)-glucan synthase of C. albicans. The effects of the terpenoids on ␤-(1,3)-glucan synthase, the essential enzyme that forms ␤-(1,3)-glucan fibrils from UDP-glucose, were evaluated to determine whether these compounds were direct inhibitors of the synthetic enzyme. The standard assay for ␤-(1,3)-glucan synthase activity measures the incorporation of radioactivity from UDP-[ 3 H]-glucose into TCA-insoluble glucan (13) . When microsomes from C. albicans MY1055 were used in this assay, the IC 50 of L-733560 was 2 nM, as reported previously (28) (Table 4 ). In this standard glucan synthase assay, ascosteroside did not inhibit (1,3)-␤-D-glucan synthase, and inhibition by enfumafungin was not reproducible. Arundifungin inhibited the enzyme with an IC 50 of 10 g/ml. Since the in vitro antifungal activities of the ascosteroside and enfumafungin were reduced more than 100-fold in medium containing 50% bovine serum albumin (data not shown), we evaluated the effects of these compounds in a modified glucan synthase assay (16) . Standard glucan synthase assays include albumin in the buffer to activate glucan synthase (48) . Frost et al. (16) showed that glucan synthase activity could be detected in the absence of bovine serum albumin if Brij 35 was included in the reaction buffer. We confirmed that this assay measured the formation of ␤-(1,3)-glucan; the TCA-insoluble counts were quantitatively solubilized with recombinant glucanase, and the activity was as sensitive to L-733560 as it was in the standard glucan synthase assay conducted in the presence of albumin. In the modified ␤-(1,3)-glucan synthase assay, the IC 50 of L-733560 was 2 nM and inhibition by the four acidic terpenoids was detected (Table 4). Although inhibition was detected, the acidic terpenoids were more than 1,000-fold less active than L-733560 as inhibitors of the Candida glucan synthase. Unlike L-733560, the terpenoid compounds enfumafungin and ascosteroside were 20-and 140-fold less active, respectively, as enzyme inhibitors than as inhibitors of cellular glucan synthesis. The activity of ergokonin A was within 15-fold of its activity as an inhibitor of cellular glucan synthesis, while arundifungin was equally active in both assays.
Effects of acidic terpenoids on Saccharomyces strains with FKS1 mutations. Since the potencies of enfumafungin and ascosteroside in the enzyme and whole-cell assays for glucan synthesis did not correlate in the C. albicans-based assays, it was not clear that inhibition of cellular glucan synthesis by the terpenoids was due to inhibition of (1,3)-␤-D-glucan synthase. To further explore the effects of the four acidic terpenoids on glucan synthase, the terpenoids were tested against S. cerevisiae strains with point mutations in FKS1, the gene encoding the vegetatively expressed large subunit of glucan synthase (29) . Mutations in FKS1 have been isolated and characterized in both S. cerevisiae and C. albicans (11, 14, 27 ; A. Mitchell, C. Douglas, J. d'Ippolito, G. J. Shei, and M. B. Kurtz, Abstr. 1995 Yeast Cell Biol. Meet., abstr. 133, 1995). Since point mutations in this gene lead to specific, high-level resistance to glucan synthase inhibitors both in whole cells and in in vitro enzyme assays (29) , it was reasoned that changes in the susceptibilities of these strains to the natural-product inhibitors would suggest effects on the glucan synthase enzyme.
The results in Table 5 show that the strain with the bestcharacterized S. cerevisiae mutation, fks1-2 (12), previously named R560 (13), was resistant not only to L-733560 and dihydropapulacandin but also to all of the acidic terpenoids. Compared to the wild-type strain, strain MY2141, the mutant strain, strain MY2140, was 20-to 5-fold more resistant to L-733560 and dihydropapulacandin, respectively. Resistance varied with the terpenoid compounds and ranged from 4-fold greater resistance to ergokonin A to 14-fold greater resistance to enfumafungin. Furthermore, the ␤-(1,3)-glucan synthase from the mutant strain was at least 8-fold less sensitive to the terpenoid compounds than that from the sensitive wild-type strain MY2141 (Table 5) .
The second mutant allele, fks1-4, differs from the fks1-2 resistance allele in its resistance profile (14) and the location of the point mutation in FKS1 (C. Douglas, unpublished data). In an agar diffusion assay, fks1-4 was resistant to L-733560 and was hypersensitive to dihydropapulacandin (14) . The glucan synthase from the fks1-4 mutant was resistant to L-733560 but was not hypersensitive to dihydropapulacandin. Of the four acidic terpenoids tested, enfumafungin had an effect on this strain which was different from those of both L-733560 and dihydropapulacandin. The results in Table 6 show that the fks1-4 strain was approximately 200 times more sensitive to enfumafungin than the wild type and that its glucan synthase was also hypersensitive, as shown in Fig. 4 . The shallow slope in the dose-response curve of enfumafungin against the wildtype glucan synthase and the fks1-4 glucan synthase was typical of those of other types of glucan synthase inhibitors, such as L-733560 (11) . The hypersensitivity to enfumafungin was independent of the presence of a wild-type copy of FKS2, which is highly homologous to FKS1 and which encodes the large subunit of glucan synthase that is expressed during sporulation but that is not expressed during vegetative growth (33) . The greater sensitivity of the FKS2 protein to lipopeptide inhibitors in vitro is the only enzymatic difference between the two enzymes that has been detected thus far (33) . Since the glucan synthase from double mutant fks1-4 fks2::TRP was hypersen- a MICs were determined as described in Materials and Methods, and glucan synthase (GS) assays were performed using the Brij 35 conditions. sitive, the hypersensitivity to enfumafungin was due to the alterations in the FKS1 protein produced by the fks1-4 mutation. In contrast, the cells and the glucan synthase from the fks1-4 strain were resistant to L-733560.
DISCUSSION
Multiple lines of evidence indicate that the acidic terpenoids enfumafungin, ascosteroside, arundifungin, and ergokonin A are new natural-product antifungal agents which inhibit the synthesis of ␤-(1,3)-glucan. First, cellular glucan synthesis is rapidly inhibited by 50% following treatment of cells with L-733560 or the acidic terpenoids at their MICs. Two of the acidic terpenoids selectively inhibit fungal cell wall glucan assembly at their MICs. Only at concentrations 15-fold (ergokonin A) and Ͼ40-fold (enfumafungin) higher than the MICs do these compounds inhibit RNA synthesis. L-733560, which we have previously shown to be a highly specific inhibitor of glucan synthase, begins to show nonspecific effects at 25ϫ its MICs (28) . Arundifungin was the least specific in its inhibition; RNA synthesis was inhibited at only 2ϫ the MIC level of arundifungin. The fourth acidic terpenoid, ascosteroside, incompletely inhibited the growth of the test strain but did inhibit glucan assembly at concentrations which reduced growth. Although this compound inhibits cellular glucan synthesis by at least 50%, it is a weaker antifungal agent than enfumafungin, ergokonin, and arundifungin against C. albicans MY1055. Incomplete inhibition of growth, despite initial inhibition of glucan synthesis by ascosteroside, may be related to issues of either compound metabolism or compound efflux. Either one of these mechanisms could reduce the effective concentration of the compound at the target site and reduce the antifungal activity. The results of the macromolecular labeling studies show that the acidic terpenoids are not general metabolic inhibitors, which is in agreement with the results of Gorman et al. (18) who reported that ascosteroside does not inhibit RNA or protein synthesis. They also reported that ascosteroside does not inhibit fungal ergosterol synthesis. Enfumafungin does not inhibit [
14 C]acetate incorporation into ergosterol, indicating that this terpenoid glycoside does not inhibit sterol biosynthesis either (data not shown).
The second line of evidence that the acidic terpenoids inhibit cell wall glucan synthesis like the ␤-(1,3)-glucan synthase inhibitor L-733560 does is that all compounds alter the morphologies of filamentous fungi and yeast, which is consistent with a cell wall defect. Aspergillus cultures treated with the acidic terpenoids produced stunted hyphae with bulbous tips, suggestive of a weakened cell wall that expanded under high internal pressure. Similarly, Candida treated with these compounds cannot maintain a normal shape and lose viability. Like L-733560, the antifungal activities of the acidic terpenoids are reduced in sorbitol-supplemented medium and the treated cells grow as large, round cells.
The antifungal spectra of the acidic terpenoids are comparable to those of the known glucan synthase inhibitors L-733560 and papulacandins. Candida and Aspergillus are exquisitely sensitive, while Cryptococcus and bacterial strains are not inhibited. Since genetic and biochemical evidence indicates that C. neoformans has glucan synthase and that the unique FKS1 gene of this organism is essential, it is interesting that all the natural products discovered thus far are poor inhibitors of Cryptococcus growth (53) . Recent data suggest that there are significant differences in the biochemical properties of the Cryptococcus enzyme compared to those of the C. albicans and S. cerevisiae enzymes (J. Williamson, personal communication, 1999). These differences may account for the lack of whole-cell activity and suggest that it may be necessary to search for Cryptococcus-specific inhibitors of glucan synthase.
Finally, the differential sensitivities of the S. cerevisiae strains with point mutations in FKS1 support the conclusion that the terpenoids are specific inhibitors of glucan synthase ( Table 5 ). The fact that the fks1-2-containing strain and its enzyme are resistant to L-733560 and to all the terpenoids is consistent with direct inhibition of glucan synthase enzyme activity. This effect is not unique to this high-level-resistant mutant; the L-733560-resistant mutants of C. albicans described previously (27) are also resistant to enfumafungin (data not shown). However, the supersensitivity of the fks1-4-containing strain and its enzyme to one of the terpenoids, enfumafungin, and resistance FIG. 4 . Effects of FKS1 mutations in S. cerevisiae on the sensitivity of glucan synthase to L-733560 and enfumafungin. Crude membranes from S. cerevisiae MY2141 (FKS1 FKS2) (F), MY2140 (fks1-2 FKS2) (E), YLIP-267 (fks1-4 FKS2) (‚), and YLIP-327 (fks1-4 fks2::TRP) (ᮀ) were prepared and assayed for glucan synthase (GS) activity by the Brij 35 assay as described in Materials and Methods. The control activity was determined for each glucan synthase preparation in the absence of compounds to calculate the percentage of activity compared to that for the control. to L-733560 demonstrate that the interaction of these two inhibitors with the enzyme are likely to differ. Since the acidic terpenoids, particularly enfumafungin, represent a new group of (1,3)-␤-D-glucan synthase inhibitors, studies continue to gain an understanding of how these compounds inhibit FKS1, the integral membrane component of ␤- (1,3) -glucan synthase. Theoretically, the IC 50 of an inhibitor with a single mode of action for the target enzyme should be lower or the same as the concentration needed to inhibit growth. This criterion is met for enfumafungin, ergokonin A, and ascosteroside if measurement of the concentration needed to inhibit whole-cell glucan synthesis is used as the enzyme assay of glucan synthesis. It is also met for L-733560 for both the in vitro enzyme assay and the whole-cell glucan synthesis assay. At present, the IC 50 s obtained by the glucan synthase assay are higher than those that would be predicted from the whole-cell labeling data or the MICs of the terpenoids. The potency of the most active terpenoid glycoside, enfumafungin, as a glucan synthase inhibitor in the Candida reaction is not affected by the concentration of the substrate, UDP-glucose, showing that this compound does not simply interfere with the reaction by competing with the substrate (data not shown). Considering the potential contribution of protein binding, assay conditions, or compound metabolism on the inhibition of the glucan synthase enzyme, further studies are needed to elucidate the mechanism by which compounds such as enfumafungin inhibit wild-type and mutant glucan synthases.
Terpenoid compounds are abundant in nature and may have diverse biological activities due to specific interactions with proteins (42, 45) . For example, the cardenolide glycosides oubain and digitalis inhibit NaK-ATPase, while another type of triterpenoid glycoside affects calcium-dependent potassium channels (34, 49) . Other types of terpenoids inhibit DNA synthesis or bacterial protein synthesis ((52). Finally, bile acids and their conjugates were recently shown to bind to specific membrane receptors to affect transcription of the genes involved in cholesterol homeostasis (41) . Thus far, terpenoid agents have not been described as specific inhibitors of fungal cell wall assembly, although brassinolides may ultimately be shown to affect plant development through effects on plant cell wall formation (2) . In addition to specific interactions with proteins, some terpenoids have surfactant activity and affect protein function by altering the lipid-protein environment. Agents with this mode of action are typically identified through their ability to affect the activities of multiple membrane bound proteins or permeabilize cells (7, 50) . On the basis of the evidence presented in this report, we conclude that the acidic terpenoids enfumafungin, ascosteroside, and ergokonin A lack surfactant activity and selectively inhibit glucan synthase.
Thus, ascosteroside, ergokonin A, arundifungin, and enfumafungin represent the first nonlipopeptide and papulacandintype (1,3)-␤-D-glucan synthase inhibitors described in over 20 years. These discoveries resulted from new methodologies, including the isolation of genetically defined strains with unique responses to glucan synthase inhibitors, the development of a simple extraction procedure for the quantitative recovery of fungal cell wall extracts, and modifications to the in vitro glucan synthase assays as well as natural-product screening. With the discovery of the acidic terpenoid natural-product fungal metabolites enfumafungin, ascosteroside, and ergokonin A, an opportunity to develop a new group of antifungal agents which inhibit (1,3)-␤-D-glucan synthase may be realized. In addition to the in vitro antifungal activity, two of the compounds, ascosteroside and enfumafungin, have detectable activity against C. albicans in animal models (18; Pelaez, submitted). It is interesting that the oral absorption properties of some terpenoid glycosides have been characterized by others (10, 51) . One of these agents, digoxin, is therapeutically effective through an oral route of administration. Characterization of the oral absorption properties of the unique acidic terpenoid glycosides will help in assessments of their potential for development as orally absorbed ␤-(1,3)-glucan synthase inhibitor antifungal agents.
